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ABSTRACT: We investigated polysaccharide ﬁlms obtained by
simultaneous and alternate spraying of a chitosan (CHI) solution as
polycation and hyaluronic acid (HA), alginate (ALG), and chondroitin
sulfate (CS) solutions as polyanions. For simultaneous spraying, the
ﬁlm thickness increases linearly with the cumulative spraying time and
passes through a maximum for polyanion/CHI molar charge ratios
lying between 0.6 and 1.2. The size of polyanion/CHI complexes
formed in solution was compared with the simultaneously sprayed ﬁlm
growth rate as a function of the polyanion/CHI molar charge ratio. A
good correlation was found. This suggests the importance of
polyanion/polycation complexation in the simultaneous spraying
process. Depending on the system, the ﬁlm topography is either
liquid-like or granular. Film biocompatibility was evaluated using human gingival ﬁbroblasts. A small or no diﬀerence is observed
in cell viability and adhesion between the two deposition processes. The CHI/HA system appears to be the best for cell adhesion
inducing the clustering of CD44, a cell surface HA receptor, at the membrane of cells. Simultaneous or alternate spraying of
CHI/HA appears thus to be a convenient and fast procedure for biomaterial surface modiﬁcations.
■ INTRODUCTION
Glycosaminoglycans, chondroitin sulfate, heparin, and hyalur-
onic acid constitute the most important polysaccharides in
mammalian tissue. Polysaccharides possess speciﬁc properties
used in biomedical applications.1 Speciﬁc saccharide sequences
activate or inhibit growth factors, act as ligands for cell surface
receptors or organize the nanoscale structure of the extra
cellular matrix (ECM).1 Biocompatibility of biomedical devices
toward the biological environment are largely driven by the
surface properties of the implant.2,3 Surface functionalization
constitutes a major issue that has attracted large interest
especially for the control of interfacial interactions between
materials and adsorbing biological molecules.4−6 Among
physical surface modiﬁcation, the layer-by-layer (LbL) deposi-
tion of polyelectrolyte multilayers, introduced in the 1990s,7
became a popular tool for functionalization of biomaterials by
polysaccharides as antifouling coatings,8,9 to induce low
adhesion of primary cells10,11 and of bacteria12,13 or to reduce
platelet adhesion.14,15 PEMs built with polysaccharides were
also used as delivery systems of osteoinductive proteins
(rhBMP-2)16 or growth factors.17 Yet, the sequential process
of the LbL method realized by dipping is time-consuming.
During the past decade, improvements have been made to turn
the LbL method in a more user-friendly and faster deposition
process. First introduced by Schlenoﬀ et al.,18 the alternate
spraying of polyanion and polycation solutions has gained
interest.19−21 Recently, it was shown that ﬁlm buildup can be
obtained not only by alternate, but also by simultaneous
spraying of interacting polyanions and polycations.22,23
In this paper, we investigated thin coatings of polysaccharides
to modify biomaterial surfaces focusing on alternate and
simultaneous spraying processes that can be used on a wide
range of substrates. We focus our attention on three polyacids,
hyaluronic acid (HA), alginate (ALG), and chondroitin sulfate
(CS), and a polybase, chitosan (CHI), to prepare the coatings.
The formula of the corresponding monomers is given in Figure
1. Coatings realized with CHI/HA, CHI/ALG, and CHI/CS
were studied by following their buildup by ellipsometry and by
characterizing their topography by atomic force microscopy.
The inﬂuence of the polyanion/CHI molar charge ratio, pH,
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and salt concentration was investigated. Their biocompatibility
and the immunocytochemical properties were evaluated using
human gingival ﬁbroblasts (HGFs) as model system.
■ MATERIALS AND METHODS
Polysaccharide Solutions. Chondroitin sulfate sodium salt from
shark cartilage (CS, ∼70 000 g/mol) was purchased from Sigma-
Aldrich, PROTASAN Ultrapure Chitosan Cl 213 (CHI, 260 000 g/
mol, DA 83%) was purchased from Novamatrix, Dried Sodium
Hyaluronate (HA, 420 000 g/mol) was purchased from Lifecore
Biomedical. Alginic acid sodium salt (ALG, very low viscosity, ∼70 000
g/mol) was obtained from Alfa Aesar. Poly(ethylene imine) (PEI, 70
000 g/mol, 50 w % in water), sodium chloride, sodium dodecyl sulfate
(SDS), HCl, and NaOH were purchased from Sigma. All products
were used without further puriﬁcation. Polyelectrolyte solutions were
prepared by dissolution of adequate amounts in 150 mM NaCl
aqueous solution prepared using ultrapure Milli-Q water having a
resistivity of 18.2 MΩ.cm. All the polyelectrolyte solutions were
adjusted at pH 4 with NaOH or HCl solutions. The CHI solutions
were prepared at 0.3 mg/mL (1.5 × 10−3 mol/mL in monomer),
whereas HA, ALG, and CS were prepared in the 0.1−1 mg/mL range.
Substrate Preparation. Before use, the silicon wafers (WaferNet
Inc., San Jose,́ USA) were ﬁrst rinsed extensively with ethanol, and
then with ultrapure water (Milli-Q), and, if necessary, dried under air
stream. They were treated for 3 min in a plasma cleaning device at
medium power (Harrick Plasma, Ithaca, New-York, USA). The
treatment started after 1 min so that the appropriate vacuum was
reached. Glass substrates were cleaned in a SDS solution at 10−2 M,
ultrasonicated during 5 min, and then submitted to a hot 0.1 M HCl
solution during 10 min and ﬁnally rinsed with ultrapure Milli-Q water.
Simultaneous and alternate Spraying Buildup. An automated
spraying device was used for simultaneous and alternate deposition of
polysaccharides. This device is constituted by four identical Airbrushes
VL (Paasche, USA) nozzles, each pressurized by in-house compressed
nitrogen line under a pressure of 2 bar and connected to solenoid
valves. The spraying of the diﬀerent solutions, following a chosen
deposition sequence, is obtained by a succession of closings and
openings of the valves controlled by homemade software. Three
nozzles allow spraying of the polycation, the polyanion, and the rinsing
solutions. The fourth nozzle, free of solution, is used for the drying
step. The substrate is mounted vertically on a mobile holder. To avoid
patterns and to avoid gravity eﬀects, the substrate is rotated at 150 rpm
and moved vertically at a speed of 4 cm/s. For simultaneous spraying
experiments, polycation and polyanion solutions were sprayed
simultaneously during 5 s followed by a rinsing step of 5 s with
Milli-Q Water (pH 5.9) and a drying step of 15 s under a nitrogen
stream of 2 bar. The buildup time, denoted as cumulative spraying
time, corresponds to the total duration of simultaneous spraying of the
polysaccharide solutions. In the alternate spraying process, polycation
and polyanion solutions were sprayed alternatively during 5 s
separated by rinsing steps of 5 s with Milli-Q Water (pH 5.9)
followed by a drying step with a stream of nitrogen at 2 bar during 15
s. Here, the cumulative spraying time corresponds to the total duration
of spraying of both polysaccharide solutions. The charge ratio of the
sprayed polysaccharides, i.e., polyanion/polycation, is deﬁned as the
ratio of the molar charge spraying rates of the polyanion and
polycation, expressed in moles of charges in monomer per second
calculated from the solution spraying rate (mL/s) and the
concentration of each polysaccharide. The charge ratio of sprayed
polysaccharides was varied by changing the concentration of the
polysaccharides in the solutions while keeping the spraying rate of the
solutions constant. The solution spraying rates were 14 ± 2 mL/min
for both positively and negatively charged polysaccharides. The surface
coating growth rates are expressed in nanometer per second (nm/s).
Ellipsometry. Measurements of the ﬁlm thickness were carried out
with a PLASMOS SD 2300 ellipsometer (PLASMOS GmbH,
München, Germany) operating at the single wavelength of 632.8 nm
and a constant angle of 70°. Due to the inherent limitation of
ellipsometry to determine simultaneously the refractive index and the
ﬁlm thickness for very thin ﬁlms, the refractive index of all the
deposited coatings was assumed to be constant and ﬁxed at n = 1.465.
While this procedure could lead to incorrect values in the absolute ﬁlm
thicknesses, it allows for a quick and precise determination of relative
values. The measurements were performed after drying the deposited
material under a stream of air or nitrogen. For each studied substrate,
thickness measurements were randomly performed on ten diﬀerent
domains over an area of 1 cm2 of the ﬁlm surface.
Atomic Force Microscopy (AFM). Atomic force microscopy
measurements were realized with a Veeco Multimode Nanoscope IIIA
(Digital Instrument). All AFM images, deﬂection and height, were
acquired in contact mode in the dry state and in the wet state using
cantilevers of silicon nitride (model MSCTAUHW, Veeco, CA) with a
spring constant of 0.6 N/m.
Dynamic Light Scattering (DLS). The size measurements, i.e.,
the average diameter, of polysaccharide complexes were performed by
dynamic light-scattering with a Zetasizer Nano ZS (Malvern, U.K.). All
the measurements were performed at 25 °C with an angle of 173°. To
obtain polysaccharide complex solutions of diﬀerent polyanion/
polycation monomer molar ratios, a solution of polyanions at a ﬁxed
concentration was added in one shot to a CHI solution at 0.3 mg/mL,
i.e., 1.51 × 10−3 mol/mL in monomer. After 1 min under stirring,
polysaccharide complexes were ﬁltered on 0.45 μm pores Rotilabo,
and the DLS measurement was performed.
Biocompatibility of Multilayer Films. Human gingival ﬁbro-
blasts (HGFs) were extracted from human gingival connective tissue
of healthy individuals according to a protocol approved by the ethics
committee for patient protection of CPP Strasbourg Hospitals. Cells
were grown in DMEM containing 1 g/L of glucose and supplemented
with 10% fetal bovine serum and 100 IU/mL penicillin−streptomycin
(all from Gibco). Cells were cultured at 37 °C in 5% CO2 in 75 cm
2
ﬂasks. HGF were used between the sixth and the ninth passage. Before
cell seeding, glass coverslips (Ø = 14 mm) coated with diﬀerent
architectures were irradiated by UV for 15 min. Then, HGFs were
seeded at 3 × 104 cells per cm2 and cultivated at 37 °C under a 5%
CO2 humidiﬁed atmosphere for diﬀerent culture times (Day 1, Day 2,
and Day 7).
Viability Assay. Cell viability was assessed by Alamar Blue assay
(Biosource International). This assay is based on the reduction of the
blue, nonﬂuorescent resazurin dye to the pink and ﬂuorescent
resoruﬁn dye by living cells.24 The overall conversion rate is
proportional to the metabolic activity of living cells.25 Viability was
assessed for diﬀerent times (Day 1, Day 2, and Day 7). After rinsing,
cells with PBS, 10% reagent in complete medium were incubated for 2
h. After incubation, optical density (OD) at 570 and 630 nm was
determined with a microplate reader. The percentage of reduction of
Alamar Blue was calculated according to the procedure provided by
the manufacturer. The experiments were repeated at least three times
for each ﬁlm type.
Immunocytochemical Detection of Collagen Type I and
Cytoskeleton F-Actin. Cells were ﬁxed with 3.7% paraformaldehyde
for 15 min at room temperature, permeabilized in 0.25% Triton X-100
in phosphate buﬀer solution (PBS) for 10 min, and blocked in 1%
BSA−PBS (BSA: bovine serum albumin) for 30 min. Thereafter, cells
Figure 1. Monomers of polysaccharides employed (a) chitosan, (b)
hyaluronic acid, (c) chondroitin sulfate, and (d) alginate.
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were incubated at room temperature for 2 h with rabbit anticollagen
type I (COL1) antibody (Ab-cam), at the dilution of 1/200. After 3 h,
COL1 incubated slides were extensively washed with PBS and a
secondary antibody (Invitrogen Alexa ﬂuor antirabbit IgG) was added
at a dilution of 1/1000 and incubated for 2 h at room temperature in
the dark. For cytoskeleton visualization, HGFs were incubated for 30
min at room temperature in the dark with 5 × 10−5 mg/mL
phalloidin−tetramethyl rhodamine B isothiocyanate (Sigma-Aldrich).
Nuclear counterstaining with DAPI (50 ng/mL) (Invitrogen) was
performed at room temperature for 1 min. Washed slides were
mounted on blades with ﬂuorescent mounting medium (DAKO,
Trappes, France), and ﬂuorescence distribution was examined by
means of an inverse ﬂuorescence microscope (Axiovert, Zeiss, Le Pecq,
France).
Immunostaining of CD44 Membrane Receptor. HGFs were
washed twice with PBS and blocked in 1% BSA−PBS for 30 min.
CD44 monoclonal antibody coupled with ﬂuorescein isothiocyanate at
the dilution of 1/50 was incubated for 1 h 30 min at 37 °C in the dark.
Cells were washed with PBS, ﬁxed with 4% paraformaldehyde, and
mounted.
Statistical Analysis. The data were expressed as mean ± standard
deviation of the mean for each condition. Each experiment was
repeated independently three times in triplicate. Mean values were
compared with one-way ANOVA using the software SigmaPlot in
which p represents the rejection level of the null hypothesis of equal
means. When the null hypothesis could be rejected, pairwise multiple
comparisons were performed (using the Shapiro-Wilk test).
■ RESULTS AND DISCUSSION
Buildup of Polysaccharide Coatings by Simultaneous
or Alternate Spraying. We ﬁrst investigated the evolution of
the thickness of ﬁlms built by simultaneous spraying of
polyanions and polycations as a function of the cumulative
spraying time. The evolution of their thickness, measured by
ellipsometry for diﬀerent polyanion concentration (HA, ALG,
and CS) varying in the range 0.1−1 mg/mL keeping the CHI
concentration constant at 0.3 mg/mL, is shown in Figure 2a−c.
The thickness increases linearly as a function of the cumulative
spraying time even if the spraying rates of the polyanions and
the polycations are very diﬀerent. In the alternate spraying
procedure, CHI/HA ﬁlm thickness grew superlinearly with the
cumulative spraying time (Figure S-1a in Supporting
Information, SI). CHI/HA exponential growth regime probably
results from the diﬀusion of at least one of the species inside
the ﬁlm, the free molecules within the ﬁlm participating in the
growth regime.10 For CHI/ALG and CHI/CS ﬁlms, the
thickness increases linearly with the cumulative spraying time
regardless of the deposition procedure (Figure 2b,c; Figure S-
1b,c in SI). Next, we examined the inﬂuence of the polyanion/
CHI molar charge ratio on the growth rate of the ﬁlms obtained
by simultaneous spraying. The spraying rate of the polyanion
was varied while keeping the spraying rate of CHI constant. As
shown in Figure 3 for all systems, the growth rate increases
rapidly with the charge ratios, and goes through a maximum
before decreasing when the charge ratios become larger. The
maximum of the ﬁlm growth rate is observed for a HA/CHI
charge ratio around 0.7, a ALG/CHI charge ratio around 0.9,
and a CS/CHI charge ratio around 1.2. For the alternate
deposition procedure, the spraying rate of the solution has no
Figure 2. Thickness of polysaccharide ﬁlms built, in 150 mM NaCl solution at pH 4, by simultaneous spraying as a function of the cumulative
spraying time for (a) CHI/HA system with a constant CHI spraying rate of (2.5 ± 0.4) × 10−4 mol/s and for diﬀerent [HA]/[CHI] molar charge
ratios: (●) 0.24, (▼) 0.60, (■) 0.73, (▲) 1.96, and (⧫) 2.61; (b) CHI/ALG with a constant CHI spraying rate of (3.6 ± 0.2) × 10−4 mol/s and for
diﬀerent [ALG]/[CHI] molar charge ratios: (●) 0.37, (▼) 0.73, (■) 0.91, (▲) 1.46, and (⧫) 3.94; (c) CHI/CS with a constant CHI spraying rate
of (3.7 ± 0.2) × 10−4 mol/s and for diﬀerent [CS]/[CHI] molar charge ratios: (●) 0.3, (▼) 1.08, (■) 1.26, (▲) 2.42, and (⧫) 3.23. The data
represent the mean and standard deviation of two independent measurements.
Figure 3. (●) Growth rate of polysaccharides ﬁlms obtained by simultaneous spraying and (○) average diameter of polysaccharide complexes as a
function of the polyanion/polycation charge ratio for (a) CHI/HA, (b) CHI/ALG, and (c) CHI/CS system solubilized in 150 mM NaCl and pH 4.
The simultaneous spraying of CHI/HA, CHI/ALG, and CHI/CS system was done with a constant CHI spraying rate of (2.5 ± 0.4) × 10−4, (3.6 ±
0.2) × 10−4, and (3.7 ± 0.2) × 10−4 mol/s, respectively. Polysaccharide complexes were obtained by one-shot addition of the polyanion in 0.3 mg/
mL CHI solution. The data represent the mean and the standard deviation of two independent measurements.
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signiﬁcant inﬂuence on the ﬁlm growth rate (Figure S-1a−c in
SI).
The simultaneous spraying procedure may be largely
governed by the formation of complexes at or near the
interface. We thus determined the size of the polysaccharide
complexes obtained in solution by mixing the polyanions and
the polycations at diﬀerent charge ratios. For the three
polysaccharide systems, the average diameter of the complexes
reaches a maximum at a given polyanion/CHI charge ratio
(Figure 3, open symbols) depending on the polyanion used.
When the CHI concentration is ﬁxed at 1.51 × 10−3 mol/mL,
the largest complex diameter is found for a polyanion/CHI
molar charge ratio around 0.6, 1.2, and 1.1, respectively, for the
CHI/HA, CHI/ALG, and CHI/CS systems. The charge ratio
values, where the ﬁlm growth rate and the size of the complexes
are maximum, are very close. This correlation strengthens the
hypothesis that for the simultaneous spraying procedure the
ﬁlm buildup is governed by the formation of complexes at the
interface and the ﬁlm growth rate is largely dependent upon the
size of the complexes. In the case of the alternate spraying
process, once the polyelectrolyte amount needed to compen-
sate the electrostatic surface charges of the previous oppositely
charged polyelectrolyte layer is reached, no further material is
taken up. The alternate spraying process is thus independent of
the molar charge ratio of the sprayed solutions.
Table 1 summarizes the cumulative spraying time of
polysaccharide solutions used to obtain ﬁlms of similar
thicknesses (∼90 nm). To reach the same ﬁlm thickness with
polysaccharide solutions of identical concentration, the
alternate spraying of CHI/HA is slightly less time-consuming
than the simultaneous spraying due the super linear growth of
the ﬁlm obtained by alternate spraying. For the CHI/ALG and
CHI/CS systems, the simultaneous spraying allows the
cumulative spraying time to be reduced, respectively, by more
than 2- and 1.5-fold compared to the alternate spraying. For
comparison, the adsorption time by dipping is at least 5 min,26
but generally 15 min.9,27−29 The dipping process is thus by far
the most time-consuming. As was shown in Figure S-1 in SI,
the alternate spraying allows the solution concentration to be
reduced in polysaccharides to reach the same ﬁlm thickness. It
may be noticed that the alternate spraying of polysaccharides is
less reagent-consuming but more time-consuming than the
simultaneous spraying.
Morphologies of Polysaccharide Films. We compared
the morphologies and the roughness of the ﬁlms obtained by
the simultaneous and alternate spraying processes. AFM images
were obtained in the dry state. For the three polysaccharide
systems, ﬁlms were built by simultaneous spraying at a charge
ratio close to the optimum of the growth rate, i.e., of 0.6 for
CHI/HA, 0.9 for CHI/ALG, and 1.05 for CHI/CS ﬁlms for a
CHI spraying rate of 4.3 × 10−4 mol/s (Figure 4a,b,c). For the
early buildup stages of the ﬁlms, the substrate is only partially
coated. As the buildup proceeds, the ﬁlm grows in thickness
and ﬁnally covers the entire surface (Figures S-2, S-3, and S-4 in
SI). Thus, the ﬁlms appear to have two diﬀerent morphologies:
CHI/HA ﬁlms are constituted of large islets, whereas CHI/
ALG and CHI/CS ﬁlms have a granular aspect formed by an
assembly of smaller particles. The morphologies of the three
polysaccharide ﬁlms built by alternate spraying for a charge
ratio of 0.6 for HA/CHI, 0.9 for ALG/CHI, and 1.05 for CS/
CHI are shown in Figure 4d,e,f. Alternate CHI/HA ﬁlms are
composed of islets as found for CHI/HA ﬁlms obtained by
alternate dipping.30,31 Alternate CHI/CS ﬁlms appear granular,
as simultaneous sprayed CHI/CS ﬁlms. In the case of the CHI/
ALG system, the ﬁlms built by alternate spraying appear to be
very smooth as in alternate dipping32 contrary to ﬁlms built by
simultaneous spraying that show a granular aspect. Poly-
saccharide ﬁlms built by alternate spraying process are two or
three times smoother than the ones obtained by simultaneous
spraying (Table 1). In the simultaneous spraying process,
complexes are formed which stick on the surface leading to a
rougher ﬁlm. For the alternate spraying process, polyelectrolyte
chains are adsorbed on the surface until the compensation of
the electrostatic surface charges is reached. Then, no further
material is deposited, the excess of material being removed by
drainage. The ﬁlm growth continues with a smooth aspect of
the surface along the whole ﬁlm buildup.
Table 1. Polyanion/CHI Molar Charge Ratio of Polysaccharide Solutions Used to Form Complexes with Their Respective Size
and Used to Build Polysaccharide Films by the Simultaneous and Alternate Spraying Process with Their Respective Cumulative
Spraying Time, Film Thickness, and Film Roughness
system polyanion/CHI molar charge ratio complexe size (nm) type of spraying cumulative spraying time (s) thickness (nm) roughness (nm)
CHI/HA 0.6 310 ± 6 simultaneous 340 95 ± 5 36
alternate 320 96 ± 1 20
CHI/ALG 0.9 218 ± 4 simultaneous 240 91 ± 4 33
alternate 520 91 ± 1 3
CHI/CS 1.05 284 ± 10 simultaneous 290 87 ± 8 50
alternate 450 88 ± 2 21
Figure 4. AFM morphology of simultaneous sprayed ﬁlms (a) CHI/
HA, (b) CHI/ALG, (c) CHI/CS; and alternate sprayed ﬁlms (d)
CHI/HA, (e) CHI/ALG, and (f) CHI/CS built at 150 mM NaCl and
pH 4, at the maximum of the ﬁlm growth rate with a CHI spraying rate
of 4.3 × 10−4 mol/s. The ﬁlms were built to reach comparable
thicknesses (∼90 nm). See Table 1 for experimental details. The (x, y)
scale bar represent 2 μm and the z scale is 300 nm for a, b, and c, and
200 nm for d, e, and f.
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We also studied the ﬁlm morphology for a given cumulative
spraying time as a function of the polyanion/CHI spraying
charge ratio, with the spraying rate of CHI being held constant.
The evolution of the ﬁlm morphology of CHI/ALG and CHI/
HA was studied at diﬀerent polyanion/CHI molar charge ratio
(Figures 5 and 6). The overall morphology of the ﬁlm does not
change with the spraying charge ratios, with the presence of
grains for CHI/ALG ﬁlms and islets for CHI/HA ﬁlms. Yet, the
size of the particles and islets seems to depend on the
polyanion/CHI charge ratio, becoming larger for the optimum
charge ratio.
Table 2 summarizes the roughness measured by AFM and
the size of the complexes for each polyanion/CHI charge ratio
studied in Figures 5 and 6. For both CHI/ALG and CHI/HA
ﬁlms obtained by simultaneous spraying, we notice an increase
of the roughness with the increase in size of the complexes
obtained by mixing polysaccharide solutions. This strengthens
the hypothesis that for the simultaneous spraying procedure the
ﬁlm buildup depends upon the size of the complexes. We
showed that the growth rate and the size of complexes in
solution reach their maximum at almost the same polyanion/
CHI ratio. The buildup of ﬁlms by simultaneous spraying can
thus be described as a stack of polysaccharide complexes on the
substrate. This buildup process was described for synthetic
polyelectrolytes by Lefort et al. who suggested that a liquid ﬁlm,
that drains along the substrate, is fed with polyelectrolytes.22
When the polyanions and polycations enter the liquid ﬁlm, they
form complexes which diﬀuse toward the substrate/ﬁlm
interface. For small (respectively large) polyanion/CHI charge
ratios, there is an excess (respectively deﬁcit) of CHI.
Complexes are mainly constituted by few chitosan (respectively
polyanion) chains wrapped by several polyanion (respectively
chitosan) chains. The small complexes formed appear mainly
negatively (respectively positively) charged and repel each
other electrostatically rather than interacting attractively. This
leads to a lower ﬁlm growth rate. For the optimum charge ratio
on the order of 1 (equivalent molar concentration in polyanion
and CHI), large polyanion/CHI complexes are formed in the
liquid ﬁlm and are globally neutral with large charge
ﬂuctuations (positive and negative patches). One can thus
assume that negative patches present on these complexes that
diﬀuse toward the substrate can interact attractively with
positive patches present on the other complexes. The constant
addition of these large complexes corresponds to the ﬁlm
buildup. This leads to a layer formed by a continuous stack of
large complexes. This could be the reason the maximum in ﬁlm
growth rate occurs at polyanion/CHI spraying rate ratios on
the order of 1.
Inﬂuence of the Salt Concentration and pH of
Polysaccharide Solutions. We investigated the inﬂuence of
pH and salt concentration on the buildup of one polysaccharide
system by simultaneous spraying. The inﬂuence of these
parameters on the alternate buildup of polysaccharide ﬁlms has
already been studied.30,33−36 CHI/CS ﬁlms were constructed at
diﬀerent pH values keeping the salt concentration at 150 mM
and at diﬀerent salt concentrations keeping the pH value at 4.
Due to the limited solubility of chitosan, tested pH values are
below pH 6. Compared to a ﬁlm built at pH 4 and at the same
concentration in NaCl (150 mM), CHI/CS ﬁlm thickness
becomes smallest when the ﬁlm is built in more acidic pH (pH
2) and largest when the pH is increased to pH 6 (Figure 7a). At
pH 4, when the concentration in NaCl is increased from 0 to 10
mM, there is an increase in the CHI/CS ﬁlm thickness
obtained (Figure 7b). Between 10 and 150 mM, the ﬁlm
Figure 5. AFM images, obtained in contact mode, of CHI/ALG ﬁlms built at 150 mM NaCl and pH 4, at a ALG/CHI spraying ratio of (a) 0.39, (b)
0.78, (c) 0.96, and (d) 3.96 with a CHI spraying rate of (3.9 ± 0.2) × 10−4 mol/s. The (x, y) scale bar represents 2 μm and the z scale is (a) 20 nm,
(b,c) 100 nm, and (d) 10 nm.
Figure 6. AFM images, obtained in contact mode, of CHI/HA ﬁlms built at 150 mM NaCl and pH 4, at a HA/CHI spraying rate ratios of (a) 0.22,
(b) 0.54, (c) 0.58, and (d) 1.93 with a CHI spraying rate of (4.1 ± 0.4) × 10−4 mol/s. The (x, y) scale bar is 2 μm and the z scale is (a) 10 nm and
(b,c,d) 80 nm.
Table 2. Roughness (RMS), Obtained on 10 × 10 μm2 AFM
Image, of Polysaccharide Films Obtained by Simultaneous
Spraying and Polysaccharide Complexes Size, Obtained by
DLS as a Function of the Charge Ratio
polysaccharide
system
polyanion/CHI molar
charge ratio
roughness
(nm)
complex size
(nm)
CHI/HA 0.22 1 278 ± 7
0.54 7 304 ± 9
0.58 15 310 ± 6
1.93 7 283 ± 6
CHI/ALG 0.39 7 223 ± 2
0.78 9 217 ± 4
0.96 13 228 ± 10
3.96 2 170 ± 2
Langmuir Article
dx.doi.org/10.1021/la300563s | Langmuir 2012, 28, 8470−84788474
growth rate is almost the same. Similar inﬂuence of the pH33−35
and the salt30,36 concentration was obtained for polysaccharide
multilayer ﬁlms built by the dipping process.
Polysaccharide Films Tested in Cell Culture. Bio-
compatibility of alternate and simultaneous sprayed poly-
saccharide ﬁlms, built at pH 4 in the presence of 150 mM NaCl,
was evaluated through the behavior (adhesion, viability,
spreading) of HGFs cultured on such substrates. Alternate
spraying of CHI/HA, CHI/ALG, and CHI/CS systems allows
the full coating of the substrate after deposition of, respectively,
23, 9, and 7 bilayers (Figure S-5 in SI). In simultaneous
spraying, the three polysaccharide systems coat the substrate
totally after a cumulative spraying time of 50 s (Figures S-2, S-3,
and S-4 in SI). To perform cellular tests on homogeneously
coated substrates, thicker ﬁlms were then built by simultaneous
spraying with a cumulative spraying time of 125 s or by the
alternate spraying of 25 bilayers. These ﬁlms were imaged by
AFM in the wet state. Concerning alternate and simultaneous
CHI/HA ﬁlms, it was diﬃcult to obtain good-quality AFM
images in the wet state due to the viscoelasticity of the ﬁlms as
found by Holmes et al.37 for ﬁlms of more than 10 bilayers. It
was thus impossible to determine ﬁlm thickness and roughness
of CHI/HA in the wet state. CHI/ALG ﬁlms are granular in the
wet state, as in the dry state, with the highest roughness for
simultaneously sprayed ﬁlms compared to alternately sprayed
ones (Figure S-6 in SI). CHI/CS ﬁlms show a diﬀerent
morphology in the wet state than the granular aspect obtained
in the dry state. Indeed, alternately and simultaneously sprayed
CHI/CS ﬁlms show a foam structure. In the dry and wet states,
ﬁlm thicknesses are comparable for the three systems built at
pH 4 in the presence of 150 mM NaCl (Table S-1 in SI). In
contact with a physiological aqueous media (150 mM NaCl, pH
7.4), dry CHI/HA, CHI/ALG, and CHI/CS ﬁlms swell. For
both CHI/ALG and CHI/CS systems, the swelling degree is
almost the same for ﬁlms built by alternate or simultaneous
spraying. CHI/ALG and CHI/CS ﬁlms swell, respectively, by
about 2- and 1.5-fold. This swelling degree is in accordance
with those found for polysaccharide multilayer ﬁlms.38,39 The
diﬀerence in swelling of CHI/ALG and CHI/CS systems could
be explained by the diﬀerence in ion pairing into the ﬁlms.26
CHI and ALG are both weak polyelectrolytes; there is then a
reduced ion pairing that allows CHI/ALG ﬁlms to swell. CS is a
strong polyelectrolyte and controls the charge density on CHI
increasing ion pairing that compacts CHI/CS ﬁlms and reduces
the swelling. The roughness of CHI/ALG ﬁlms did not change
upon swelling (Table S-1 in SI). On the contrary, for the CHI/
CS system, the roughness increases for ﬁlms obtained by
simultaneous spraying and decreases for one obtained in
alternate spraying.
Cell Behavior on Polysaccharide Films. HGFs were
seeded on the diﬀerent polysaccharide ﬁlms, built by the
simultaneous spraying with a cumulative spraying time of 125 s
or by the alternate spraying of 25 bilayers. HGFs viability was
ﬁrst assessed by Alamar blue assays, following the mitochon-
drial activity, for 1, 2, and 7 days (Figure 8). When
simultaneous and alternate polysaccharide ﬁlms are compared,
no signiﬁcant diﬀerences in cell viability are found by statistical
analysis (p > 0.05 in each case).
On the ﬁrst day, a signiﬁcant reduction of the metabolic cell
activity was observed when HGFs were cultivated on CHI/
ALG and CHI/CS systems compared to glass substrate. On the
contrary, no signiﬁcant diﬀerences were observed for CHI/HA
systems compared to glass. After one week, signiﬁcantly smaller
metabolic activity was still found on both CHI/ALG and CHI/
Figure 7. Thickness of CHI/CS ﬁlms built by simultaneous spraying,
with CHI and CS solutions prepared (a) at the ﬁxed salt concentration
of 150 mM NaCl at pH 2 (○), pH 4 (△), and pH 6 (□) and (b) at
pH 4 and 0 mM (○), 10 mM (△), and 150 mM NaCl (□) as a
function of the cumulative spraying time with a [CS]/[CHI] molar
charge ratio of 2.5.
Figure 8. Viability of HGFs, evaluated by metabolic activity of cells, on
CHI/HA, CHI/ALG, and CHI/CS ﬁlms built on glass substrates by
simultaneous spraying, with a cumulative spraying time of 125 s,
denoted (polyanion/CHI)S, or by alternate spraying of 25 bilayers
denoted (polyanion/CHI)A. Cell viability was determined by Alamar
Blue assays after 1, 2, and 7 days of culture. The values represent the
mean and the standard deviation of three independent experiments
performed in triplicate. Mean values at Day 7 were compared to bare
substrate with one-way ANOVA test, with *** meaning p < 0.001.
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CS systems compared to the glass substrate (p < 0.001; Figure
8). This is probably a consequence of the weak initial adhesion
of cells. On CHI/HA ﬁlms, either obtained by alternate or
simultaneous spraying procedures, HGFs activities were only
slightly smaller than those found on a glass substrate.
We analyzed the biocompatibility of ﬁlms by a comple-
mentary assay based on cell spreading via cytoskeleton
arrangement. Cells are able to sense their microenvironment
and to respond by adjusting the organization of their
cytoskeleton. After 12 days of culture, a conﬂuent layer with
a typical ﬁbroblastic cell shape and with polymerized F-actin
ﬁbers lying parallel to one other were observed on alternate and
simultaneous CHI/HA ﬁlms (Figure 9a,d). For CHI/ALG and
CHI/CS systems, no conﬂuent cell layer was observed for both
ﬁlms obtained by simultaneous and alternate spraying (Figure
9b,c and e,f). Indeed, cells appear less elongated and have a
peripheral actin distribution. Previously published data showed
a weak adhesion of SaOs-2 human osteoblast-like cell line and
L929 human ﬁbroblast-like cell line on CHI/ALG multilayers.40
CHI/CS multilayer ﬁlms, used to functionalize poly(ethylene
terephthalate) prosthesis, showed a good human endothelial
cell adhesion but with a decrease of their antithrombogenic
properties.27 In the case of CHI/CS coatings, better HGFs
adhesion seemed to occur on simultaneous sprayed ﬁlms
compared to the alternate ones (Figure 9c,f). This eﬀect was
also observed with the Alamar blue assay at Day 7, but the
signiﬁcance of the results remains in the limit of the statistical
tests (p = 0.051). For a given polysaccharide system, the
spraying process used to build the ﬁlm leads to a signiﬁcant
diﬀerence in ﬁlm roughness, i.e., simultaneously sprayed ﬁlms
have a higher roughness than alternately sprayed ones (Table S-
1 in SI). However, cell viability and spreading are quite similar
for a given polysaccharide system whatever the spraying process
used. In contrary, the polysaccharide type used to build the
ﬁlms seems to play a determinant role in cell viability. Indeed,
the results highlight the better biocompatibility of CHI/HA
ﬁlms compared to CHI/ALG and CHI/CS ﬁlms.
We then checked by immunocytochemistry the preservation
of HGFs function, when cultivated on CHI/HA ﬁlms, through
collagen type I (COL1) synthesis with perinuclear local-
ization.41 Indeed, COL1 is the main component of the
extracellular matrix produced by ﬁbroblasts. HGFs cultured
on alternate and simultaneous CHI/HA ﬁlms remained positive
to COL1 (green labeling) with a peripheral distribution (Figure
9) comparable to the glass substrate (Figure S-7 in SI). Various
studies reported on the same CHI/HA multilayer ﬁlm a weak
adhesion of platelets and leucocytes,15 chondrosacroma,30
MC3T3 preosteoblasts,42 bone marrow derived mesenchymal
stem cells,43 BALB/c 3T3 ﬁbroblast cell line,44 and MC3T3-E1
osteoblasts cell line.45 For these authors, the low cell adhesion
and proliferation on the CHI/HA ﬁlm is mainly due to the
mechanical properties of the ﬁlm which is not rigid enough.
These results are in contrast with our ﬁndings on HGFs.
From a chemical point of view, HA is a ligand for CD44, a
cell surface receptor found on several types of mammalian cells.
Cells bind to substrates via adhesion molecules whose
intracellular domains are connected to the cytoskeleton. The
reorganization of the cytoskeleton has been associated with
increased expression and receptor clustering of the standard
form of CD44.46 Vasconcellos et al. showed that the interaction
of CH27 B lymphocytes, nonadhesive cells, with the CHI/HA
ﬁlm was mediated via CD44 receptors.28 So, we postulated that
the good CHI/HA biocompatibility is due to CD44 and HA
binding. CD44 labeling showed the formation of clusters at the
membrane of HGFs only when cultivated on alternately or
simultaneously sprayed CHI/HA ﬁlms (Figure 10). So the
HGFs function and adaptive behavior on CHI/HA ﬁlms seem
to be mediated via CD44 receptor. The presence of HA, as a
component of alternate or simultaneous ﬁlms, seems to play a
major role in HGFs adhesion and spreading on polysaccharide
ﬁlms.
■ CONCLUSION
Simultaneous and alternate spraying procedures of two
polysaccharide solutions onto a substrate held vertically with
a vertical and rotational movement lead to the formation of
homogeneous surface coatings. We investigated the simulta-
neous spraying of CHI with HA, ALG, and CS solutions
leading to the formation of a ﬁlm constituted by CHI/
polyanion complexes. The thickness of polysaccharide ﬁlms
increases linearly with the cumulative spraying time. The
growth rate of simultaneously sprayed ﬁlms depends highly
upon the polyanion/CHI molar charge ratios and reaches a
maximum for precise charge ratios. These values are very close
to those corresponding to the maximal size of the complexes.
This observation strengthens the hypothesis that the coatings
are formed by an accumulation of complexes on the solid
surfaces. We conﬁrmed that the ﬁlm morphology, investigated
by AFM, is independent of the spraying rate ratios and the
Figure 9. Immunolabeling of HGFs after 12 days of culture on (a)
(HA/CHI)S, (b) (ALG/CHI)S, and (c) (CS/CHI)S ﬁlms built by
simultaneous spraying with a cumulative spraying time of 125 s and
(d) (HA/CHI)A, (e) (ALG/CHI)A, and (f) (CS/CHI)A ﬁlms built
by alternate spraying of 25 bilayers. The cytoskeleton was visualized by
actin ﬁlament staining with phalloidin (red labeling), and COL1
(green labeling) was detected by immunochemistry with Blue nucleus
counterstaining of HGFs. The scale bar represents 100 μm. Figure 10. Detection of CD44 receptor (green labeling) and blue
nucleus counterstaining of HGFs after one day of culture on (a) glass
substrate, (b) (HA/CHI)S ﬁlm built by simultaneous spraying with a
cumulative spraying time of 125 s, and (c) (HA/CHI)A ﬁlm built by
alternate spraying of 25 bilayers. The scale bar represents 20 μm.
Arrows correspond to formation of clusters of CD44 receptors on the
membrane of ﬁbroblasts.
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roughness of the ﬁlm is higher for simultaneously than for
alternately sprayed ﬁlms. The biocompatibility of the coatings
was tested by HGFs behavior. The CHI/HA system, whatever
the deposition procedure (simultaneous or alternate spraying
conditions), appeared as a promising surface coating for
biomedical applications. From an industrial point of view, the
alternate spraying of polysaccharides seems to be less reagent-
consuming but more time-consuming than the simultaneous
spraying. Simultaneous spraying of interacting polysaccharides
is of large interest for fast preparation of surface coatings in the
range of a few nanometers up to several micrometers. These
coatings may be further biofunctionalized for bioengineering
applications.
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